A newly developed surface ionization detector for gas chromatography is described. The principle of this detector is based on the surface ionization of a suitable substance to positive ions on a platinum emitter (platinum filament) which is electrically heated in an oxygen-containing atmosphere, e.g., air. The important factors that influence the creation of positive ions include the work function, temperature and atmospheric environment of the platinum emitter, as well as the ionization potential of the chemical species that are eluted from the column and contact the platinum emitter. The detector has a highly selective sensitivity to compounds having a low ionization potential. This report also refers to the analysis of compounds to which the detector has high selectivity and sensitivity.
Thermionic ionization detectors (TID), in which beads of a sintered complex of an alkali metal salt (such as rubidium or cesium) are fixed on a platinum wire generating ions upon electrical heating have been developed to a high level of completion. This type of detector is now being widely used for the selective detection of phosphorusor nitrogen-containing pesticides, medicines and other chemical substances existing in our environment or contained in our foods.3 There has been much controversy about the detection mechanism of TID. Quite recently, it has been proved that the mechanism is negative-ion surface ionization (NSI).4 The low-temperature hydrogen plasma flame serves as a radical generator which dissociates phosphorus-or nitrogen-containing compounds into CN, PO and P02; these radicals then become electronegative species CN-, P0-and P02-, respectively, on the surface of the alkali metal salt beads.
The yield of the negative ions produced from chemical species of high electron affinity by NSI may be expressed by the Saha-Langmuir equation: nIno = (g/go)eXp Ea ~ kT )
where n -I no is the ratio of the number of negative ions and neutral species emitted when neutral species are made incident upon the alkali metal surface; g /go, the ratio of the statistical weights of the above two groups; 4, the work function of the surface; T, the temperature of the surface; Ea, the electron affinity; k, the Boltzman constant. This equation shows that the yield of negative ions is high when 4 is small and when the chemical species have a high Ea. The development of NSI has inevitably brought forth the idea of positive-ion surface ionization (PSI), a technique positioned at the other end of the scale. In fact, PSI was developed much earlier than NSI. In the mid 1920's, a reports was made public that atoms of alkali elements, such as sodium and potassium, are turned into positive ions on the surface of a heated metal.
The advent of mass spectrometry has helped clarify many interesting phenomena related to PSI. It was found that chemical species of low ionization potential are quite efficiently ionized into positive ions on a surface having a high work function (4).
The mechanism of the surface ionization of positive ions on a heated metal may be explained by the SahaLangmuir equation:
where n+/ no is the ratio of the number of positive ions and the number of neutral chemical species; g+/go, the ratio of the statistical weights of the above two groups; Pi, the ionization potential of the chemical species which is to be ionized; ~, the work function on the metal surface; T, the temperature of the metal surface; and k, the Boltzman constant. This equation holds true only when a complete thermodynamic equilibrium is established between the chemical species and the metal surface. Though studies concerning the mechanism of surface ionization of organic compounds have started only recently, there is a considerable amount of data. Such data show that organic compounds are, first of all, decomposed into radicals on the metal surface. Most of these radicals have lower ionization potentials (P;) than do those of the original compounds, and are, hence, ionized on the metal surface. The relation between the chemical species (s) produced in the pyrolysis on a heated metal surface and the positive ion current (I5) may be expressed by
where T is the temperature of the metal surface; n, the number of the organic compound molecules that come out of the gas phase and collide against the metal surface; Y( TO, the yield of the chemical species (s) produced in the chemical reaction on the metal surface; $(T), the efficiency of ionization, expressed as follows:
Equations (3) and (4) show that the positive ions of organic compounds are surface-ionized with a high yield when they react rapidly on the metal surface and when the metal surface has a high work function. Also, the equations show that surface ionization is a phenomenon peculiar to individual chemical species and depends greatly on the ionization potentials.
The fact that some organic compounds, such as secondary and tertiary amines, are surface-ionized with high yields and that detectors using NSI are effectively used in gas chromatography have led us to develop surface ionization detectors (SID) for gas chromatographic use.
This report refers to the characteristics and some applications of this new detector. 1'2 Experimental Our newly developed surface ionization detector (SID) was installed on a Shimadzu GC-15APF gas chromatograph. Figure 1 shows the construction of the SID. The emitter is a coil of platinum wire filament (0.22 mm in diameter) installed between the nozzle (outlet of the column) and the collector electrode. An electric potential of -200 V is applied between the collector electrode and the ring electrode at the tip of the quartz nozzle. Thus, electrons (the number of which is proportional to the number of positive ions produced on the emitter) are collected and the current is measured with an electrometer. The platinum emitter is heated to 800 -1200 K and is kept in a mixture of the carrier gas and air so that the work function of the metal surface is enhanced as much as possible. The sample introduced into the gas chromatograph is separated into fractions, which are eluted out of the quartz nozzle one after another. Each fraction is pyrolyzed on the platinum emitter surface, and only the chemical species having low ionization potentials are ionized and measured by the electrometer.
The GC parameters selected in the investigation of the characteristics of the SID are as follows: column, 10% Apiezon L + 5% KOH on AW-DMCS treated Chromosorb W (80 -100 mesh), 2 mX2.6 mm i.d. glass column; column temperature, 150° C; detector and injection port temperatures, 250° C; sample, tributylamine (TBA).
Results and Discussion
Change in emitter current (emitter temperature) vs. change in sensitivity, noise current and background current Figure 2 shows how the response changes with a change in the emitter temperature. The emitter temperature can be changed by adjusting the emitter current. In the low-temperature region, both the signal current and the background current increase with an increase in the emitter temperature. This trend may be partly explained using the Saha-Langmuir equation. We presumed that the background current was attributable to the potassium ion (K+) and sodium ion (Nat) formed by dissociation of the K and Na contained in the platinum emitter. This presumption seemed to be supported by the result of our experiment that the background current decreased with time and by a report6 on the well-known phenomenon that positive metal ions are released from a heated metal. The fact that the sensitivity characteristics of the emitter did not change during several months of use implies that the background current signals are not related to any alkali metal impurities in the emitter after a certain aging period.
The signal-to-noise ratio of SID becomes lower at a of the surface ionization detector with particular part of the high emitter temperature region. This shows that the highest detection sensitivity can be obtained when the emitter current (temperature) is set to a certain optimum point. Figure 2 shows that the SID with a platinum emitter provides the highest sensitivity when the emitter current is set to 2.2 -2.5 A. The noise was on a 1 X 10-14 A level under this condition.
Influence of the atmospheric environment of the emitter Figure 3 shows the detector responses when the emitter is placed in a stream of helium alone and in the stream of an air-helium mixture. The platinum emitters used were conditioned in advance at high temperature in air. The data show that when a platinum emitter is placed in an oxygen-containing atmosphere its surface is oxidized, thus providing a higher work function compared with that provided by a non-oxidized surface.' Analysis was first carried out using a helium-air mixture as the atmosphere for the platinum emitter; the result is the chromatogram (a) in Fig. 3 . Next, the platinum emitter was conditioned in an air-helium mixture atmosphere in order to allow an oxide film to be formed on the surface; the atmosphere was switched to helium alone; then, 1 µl of 1 ppm acetone solution of TBA was analyzed repeatedly. The result is chromatogram (b). The response decreased with repetition. This decrease may be attributable to the reaction of the oxide film and the organic compound components, which gradually remove the oxide film by some reaction process.
Airflow rate vs. sensitivity Figure 4 shows the relation between the air flow rate and sensitivity using different carrier gases. The data show that the detection characteristics of the SID differ with the type of carrier gas. This may be explained as follows: since the thermal conductivity is different with the type of gas, the emitter surface temperature is different when a different gas is used, resulting in a difference in the detection characteristics. Also, the air flow rate that gives the highest sensitivity is different according to the type of carrier gas. The cause of this difference has not yet been clarified, though it seems possible that it is attributable to impurities in the gases or to some physical properties of the carrier gases themselves.
Since helium carrier gas provided a higher stability and shorter stabilizing time than did the other gases, helium was used in all of the experiments described below. Figure 5 shows how the detection sensitivity changes with changes in the air flow rate for different carrier gas flow rates. Since the highest sensitivity was obtained in a rather narrow air flow rate range, the air flow rate was set higher (100 -200 ml/ min), so that fairly stable sensitivity could be provided.
Detection limits
The sensitivity (S) depends on the yield of chemical species on the platinum emitter surface and on the ionization potential (P;) of the chemical species. The sensitivity, therefore, differs greatly depending on the types of compounds to be detected. Also, the detection sensitivity for the same compound differs greatly with the operational parameters, such as the emitter temperature.
As demonstrated in Fig. 2 , the minimum detection limit is obtained only when the emitter temperature and the background current are set to the respective optimum points. Figure 6 shows gas chromatograms that indicate the detection limit for TBA. The data show that the detection limit for tertiary amines is on a sub-picogram level. The detection limit for TBA by SID is 1.58 C/ g. The small peak of TBA in the chromatogram of the blank sample (acetone only) is attributable to the cross contamination from the previous runs. This peak could not be eliminated by repeated washing of the flow line of the gas chromatograph. This shows the strong adsorption property of substituted amine compounds.
Linearity Figure 7 shows the linearity of the response of the SID for TBA. This data and the detection limit described above show that the linear response range, or the dynamic range, is about 104. The slope is a little less than 45° . This is attributable to the special properties of TBA.
Repeatability Figure 8 shows the chromatograms obtained by 20 Fig. 5 Relationship between air/carrier gas flow ratio and sensitivity. 1, He 40 ml/min; 2, He 60 ml/min; 3, He 80 ml/ min. times repeated injection of an acetone solution containing 260 pg of TBA. The acetone was recorded as a negative peak at the start. The relative standard deviation is 1.9%. Selectivity Figure 9 shows the chromatograms of acetone solutions of butylamine (BA), dibutylamine (DBA), tributylamine (TBA) and dodecane. A TID and an SID were used for a comparison. The data clearly show a difference in response of the two detectors. SID provides a far higher sensitivity for secondary and tertiary amine, such as DBA and TBA. The selectivity of SID for TBA (defined as the sensitivity ratio with dodecane, a hydrocarbon), TID depends greatly on its construction; the result given above might be peculiar to the TID used in our experiments. Figure 9 also shows that SID has quite different sensitivities for primary, secondary and tertiary amines. This difference may be attributable to differences in the ionization potential (P;) of the chemical species. It is presumed in this particular case that the methyl groups (which are electron donors) lower the ionization potentials and, hence, lower sensitivity.
Base line stability Durability (service l fe) A long service life cannot be expected if the emitter is kept at a high temperature, as in the case of conditioning. Stable performance was maintained in 6 months of continuous operation when the detector was used at 550 -650° C, which is the optimum emitter temperature for the detection of amines. Such a long service life is one of the advantages of SID over TID.
Applications
Since the surface ionization detector (SID) is an entirely new detector for gas chromatography, its basic properties are not yet widely known. We believe that the presentation of some typical applications data will provide a good guide for the potential users of this detector and, hence for the further improvement of this new detector.
Given below are some examples of applications to the analysis of various types of organic compounds. Amine compounds. Figure 11 shows the chromatograms of repeated analysis of 50 ppb aqueous solution of trimethylamine (TMA), using the headspace sampling method. The data show that TMA at the ppb concentration level can be well determined. Such a high sensitivity for TMA is consistent with the data given in Fig. 9 . Polycyclic aromatic hydrocarbons (PAHs). Figure 12 shows chromatograms of polycyclic aromatic hydrocarbons which are probably carcinogenic, obtained with SID (chromatogram a) and FID (chromatogram b).
The two chromatograms clearly demonstrate the response characteristics of the two detectors. Perylene, for example, is recorded as a very small peak in the FID chromatogram, and as a very high peak in the SID chromatogram. Though the chromatograms show that the SID provides higher sensitivity to most of the PAHs studied, it is impossible to know the response for each PAH since the ionization potential of each PAH on the platinum emitter cannot be presumed. SID, is highly sensitive to benzo [a] pyrene, has almost the same sensitivity to fluoranthene as does FID. This characteristic may be generalized, to some degree, to all the PAHs, since FIDs of different design or different brand have almost the same response characteristics, though we have not made precise comparisons. The chromatograms also show that, thanks to its rapid response, the SID gives sharp peaks with minimized tailing. This suggests that a combination of a fused silica capillary column and an SID is very promising. Also, the data suggests that an SID ensures a highly stable base line in programmed temperature GC because it hardly senses the bleed of the stationary phase which increases with time. Terpenes. A thermionic ionization detector (TID), an electron capture detector (ECD), and a flame photometric detector (FPD) are sensitive only to compounds having a particular element or a functional group. A TID is sensitive only to compounds containing nitrogen or phosphorus, an ECD only to electron affinitive compounds such as halogens, and an FPD only to compounds containing sulfur or phosphorus. These detectors have highly selective sensitivity.
An SID is also a selective detector, but its sensitivity does not dependent on the elements or functional groups contained in the compounds, but on the ionization potentials and the yields of the chemical species produced Fig. 11 Repeatability of a sample containing 50 ppb TMA in water by headspace gas chromatography. The operational conditions: equipment, Shimadzu GC-15APF gas chromatograph equipped with an HSS-3A headspace sampler; column, PEG6000 (15%) and KOH (3%) on Chromosorb 103 (80-100 mesh porous polymer beads) 3 mm i.d.X2 m, glass column; column temperature, 100°C; detector/injection port temperature, 200° C; temperature of headspace sampler syringe, 120°C; sample vial temperature, 80°C; sample vial heating time, 30 min; sample volume, 1 ml; headspace gas volume, 0.8 ml; carrier gas, He, 50 ml/ min. (9) Pharmaceuticals (antidepressants). We presumed that an SID would be a useful detector for the determination of pharmaceuticals having amine groups. Three types of tricyclic antidepressants were added to serum; extraction was made using dichloromethane under basic conditions; the dichloromethane solution of the extract was chromatographed.
The result is shown in Fig. 15 . Each peak corresponds to 2 ng of the component. Desipramine was recorded as a smaller peak than that for the other components. This is because desipramine is a secondary amine. The SID permits rapid and highly sensitive determination of pharmaceuticals in serum or plasma. The data in Fig. 15 demonstrates that imipramine and clomipramine of 1 ng/ ml concentration level in a blood sample can be easily determined.
In conclusion, Table 1 provides comparison data (sensitivity, detection limits and linear dynamic range) Fig. 13 Analysis of monoterpenes with two different detectors. (a) SID channel and (b) FID channel. Column, 2 mX 3 mm id., glass containing 3% OV-17 on Gas-Chrom Q, 100-120 mesh; column temperature, 50°C. Sample: each peak corresponds to 0.5 µg of the substance. Peaks: (1) a-pinene; (2) myrcene; (3) f3-pinene; (4) n-hmonene; and (5) carene.
Fig. 14 Analysis of a formulated steroid mixture in THE solution with SID. Conditions as in Fig. 12 with the exception of the column temperature, which was 300° C. Each peak corresponds to 20 ng of the substance, Peaks: (1) dehydroepiandrosterone; (2) pregnanediol; and (3) cholesterol. Fig. 15 Gas chromatogram of extracts from serum to which antidepressants were added, using an SID. Column conditions as in Fig. 12 with the exception of the column temperature, which was 270°C. Peaks: (1) imipramine; (2) desipramine; and (3) clomipramine.
On the assumption that the extraction efficiency is 100%, imipramine, clomipramine correspond to 2 ng, desipramine corresponds to 8.8 ng. Sensitivity, 8X10" AFS; noise, 5X 10-14 A. The detection principle of SID is based on the surface ionization of positive ions. This is an interesting contrast to that of the TID, which is based on the surface ionization of negative ions of alkaline metals having rather low work functions.
We believe the SID will play an important role in various fields of analytical chemistry. It will be a reliable detector not only in GC, but also in supercritical fluid chromatography (SFC).
